One factor limiting the performance of Surface Plasmon Resonance (SPR) biosensors is the width of the resonance that basically originates from metal absorption. In contrast, comparable sensing schemes based upon the concept of Bloch surface waves (BSW) have been proposed. As such sensors are prepared from dielectric materials only, losses as well as the resonance width decrease significantly in comparison to SPR. By preparing BSW stacks that feature a similar resonance position as Gold based SPR sensors, both approaches are compared directly using one detection system only. We obtain an increased performance of BSW although utilizing an optical system optimized for SPR analysis.
Introduction
Surface Plasmon Resonance (SPR) has been established as the standard method in label-free optical biosensing [1, 2] . It utilizes the resonant excitation of surface plasmon polaritons (SPP) that propagate along the surface of thin metal layers. The width of the resonance observed in reflection is broadened due to absorption that originates from the basic properties of the metals, such as Gold or Silver, in use. As the resonance width basically limits the sensor performance its decrease is desired. Guided modes at the surface of one-dimensional photonic crystals, called Bloch surface waves (BSW), have been proposed as SPR like evanescent surface wave sensors [3, 4] . Such dielectric stacks can be prepared virtually lossfree and their application shares some characteristics with SPR analysis. Therefore, SPR like sensors featuring an enormously decreased resonance width can be obtained [5] . In this contribution the direct comparison of SPR and BSW sensors is reported. Different optical systems are generally required in order to obtain optimum readout of the two different transducers. But, in order to obtain directly comparable results, a commercialized SPR platform has been used. Slight adaptations concerning the polarization and spectral width of illumination allow the analysis of both, SPR and BSW, sensors.
Methods

SPR Platform
We utilize a system established previously for parallel, label-free analysis on polymer substrates [6] as shown in image 1. It has been applied to different applications such as DNA hybridization [7] as well as protein sensing recently [8] . The optical system relies on disposable, injection moulded polymer chips and quasi monochromatic illumination. Two-dimensional images taken by a CCD camera detector yield angular resolved intensity distribution in one and lateral imaging of a one-dimensional spot array in the other coordinate [6] . This enables the comparison of angular resonance spectra. In order to account for different properties of BSW compared to SPP, minor changes had to be introduced into the optical system. BSW feature a reduced spectral width compared to SPP due to the reduction of absorption losses. Therefore, the spectral illumination bandwidth of the 810 nm-LED based illumination system has been reduced from 10 nm for the SPR case down to 2.4 nm (centred around 804 nm) for the BSW case by means of a dielectric filter (Chroma). Additionally, the measurement polarization can be changed by rotating a linear polarizer (Codixx).
Image 1 Optical SPR system utilized for comparing the SPR and BSW sensors.
Sensor Chips
Injection moulded polymer chips made of a cyclic olefin copolymer (TOPAS) are to be used with the SPR system. These substrates can be coated directly, or be used in combination with immersion coupled microscope cover slips. Both, polymer substrates as well as cover slips, have been coated in order to be cross checked in the experiments (image 2). Gold layers of 45 nm thickness have been prepared by magnetron sputtering as SPR sensing layers. Dielectric BSW stacks have been coated by plasma ion assisted deposition under high vacuum conditions [9] using an APS904 coating system (Leybold Optics). The low and high refractive indices have been obtained by alternating deposition of SiO 2 ("L", n L =1.465) and Ta 2 O 5 ("H", n H =2.051), respectively. Refractive indices are given at the wavelength of operation (804 nm). SiO 2 as uppermost layer is in contact with the analyte solution.
Image 2 Photograph of two polymer chips coated with a dielectric BSW stack and a Gold layer, respectively.
Materials
Sensors have been tested using a PDMS microfluidic cell designed for the use with the injection moulded chips. Initial characterization of the resonances applied doubly distilled water (ddH 2 O). The sensitivity of the different sensors defined as resonance shift in degree versus refractive index change [10] has been measured by applying different concentrations of Glucose dissolved in ddH 2 O.
Results
Theoretical Model
Dielectric BSW stacks have been designed in order to yield approximately similar position of the resonance compared to the SPR case. Although not measurable by thin film analytic techniques, an imaginary part of refractive index of the dielectric thin films of Im(n)=1x10 -4 has been assumed in order to visualize the resonance in the reflectivity calculations. Image 3 shows the field distributions of both sensors in resonance condition and calculated for the TM and TE polarizations for the SPP and BSW cases, respectively. Two key facts need to be pointed out explicitly with regard to these distributions: First, the penetration depth in the aqueous analyte medium is the same, as long as resonance angle and wavelength of SPR and BSW resonance are similar. Second, although not directly apparent from image 3, the field enhancement at the sensor surface is higher in the BSW case. This is due to the fact of a higher "quality" factor of this system that originates from missing absorption.
Image 3
Transverse electromagnetic intensity distribution in resonance condition for both sensor types.
A measurement can be modeled by calculating the resonance shift for two slightly different refractive indices of the analyte solution. Therefore analyte refractive indices in the range of water (n=1.33 and 1.34) have been assumed. The reflectance spectra obtained with monochromatic light of 804 nm wavelength are shown in image 4 and yield a significantly decreased resonance width for the BSW case (~0.02°) compared to the SPR case (~1.7°). Along with the decrease of resonance width the relative shift of the resonance for the given refractive index change (also referred to as 'sensitivity') decreases. This value becomes about 100°/RIU and 20°/RIU for BSW and SPR, respectively. The analytical application of such resonances features requires comparing the resonance shift relative to its width, thus defining a "figure of merit" (FoM) for the sensors under consideration. Comparing the ratio of resonance shift and width yields approximate relative FoM around 10 and 0.6, respectively. This theoretical result suggests to prefer BSW sensors rather than SPR. As the depth of the resonances in image 4 is more or less similar, it has not been considered in the FoM definition. However, more detailed discussions [11] take it into account to correct for nonideal sensor responses that is considered to reduce the accuracy of final data analysis.
Image 4
Simulated angular resonance shift for both sensors when exposed to analyte refractive index changes.
Resonance Width
The angular shape of resonances has been measured by wetting the surface of the different sensors with ddH 2 O.
The results are shown in image 5. As the angular distribution of light reflected at the sensor surface is imaged onto the columns of the CCD detector, camera pixels rather that absolute angles are being measured. In comparison to image 4 one obtains the expected resonance shapes along with differences for the glass and polymer surfaces. As the resonance width of BSW sensors is well below the one observed for surface plasmons, we conclude the successful preparation of low damping dielectric thin films on the substrates used. Unfortunately, the surface quality of polymer chips is reduced with respect to the glass surface and causes an increased width of the resonances.
Image 5
Angular resolved resonances obtained for the different glass and polymer based sensor chips.
Image 6
Spectral shift of the resonance for selected wavelengths as well as the weighted average according to illumination spectrum.
Image 5 allows one to extract the full width half maximum of the resonances. Comparing the values obtained for glass substrates, we derive 15 pixels for the BSW stack and 490 pixels for the Gold coating. The ratio of both values is significantly different from the expected one (compare image 4), mainly due to the width of BSW resonance that significantly exceeds the expectation. We attribute this to the fact of limited, i.e. not strict monochromatic, spectral width of illumination. Image 6 illustrates this effect by showing resonances calculated for different wavelengths on an enlarged angular scale. A significant spectral shift of resonance position is apparent. Weighted averaging the contribution of the different spectral components yields an angular reflectivity with increased width and reduced depth, similar to the experimental observation.
Image 7
Sensitivities obtained for the two sensor types, obtained by varying the refractive index via glucose concentration.
Sensitivity
The sensor sensitivity, i.e. the resonance shift upon refractive index change, has been measured using different concentrations of glucose in water. From the angular intensity distributions, as shown in image 5, the position of minimum reflectivity has been obtained by means of an adapted algorithm [6] . The results are shown in image 7.
According to the expectation in image 4, the BSW sensitivity is smaller than the SPR sensitivity. The sensor sensitivity is derived from the slopes of both linear fit functions, that yields 40.7 pix/% (SPR) and 7.6 pix/% (BSW). The ratio five of both values is around that one predicted theoretically in section 3.1.
Conclusion
An established SPR system has been adapted slightly for being used to optically analyse resonance shifts of Bloch surface waves. This enabled us to directly compare both transducing mechanisms without leaving ambiguities arising from different components behind. But, this approach is definitely not optimized for BSW analysis. BSW exhibit similar features like surface plasmons, such as resonance shift upon refractive index change exponentially decreasing sensitivity with increasing distance from the sensor surface. Both approaches differ significantly in the widths of the resonances, due to metal losses in the plasmon case that are virtually eliminated in case of the BSW layered dielectric system. Comparing the resonance widths obtained experimentally yields an improvement factor of 32 when using BSW instead SPR. Unfortunately, the sensitivity of the system decreases, as a smaller part of the electromagnetic intensity in the sensor is guided in the evanescent tail of the surface bound electromagnetic wave. This consideration prefers SPR with respect to BSW by a factor 5.5. In result, a figure of merit corresponding to the measurement task of tracking the minimum reflectivity position needs to relate resonance width and sensitivity. Combining both issues puts BSW in the first place, although utilizing SPR optimized optical system. In addition to these experimental results, several points deserve to be mentioned. In the SPR case, sensors are practically limited to Gold and Silver as metals, with few options only for defining the working point. This leaves no opportunities for sensor design, as the spectral and angular resonance position is quasi fixed. BSW offer many more degrees of freedom concerning the stack preparation, thus enabling to adapt resonance position to the system. This enables one to utilize different uppermost surface layers in order to optimize surface chemistry, as well as to set up temperature insensitive systems [12] .
